Abstract-A method of homodyne demodulation using a phase generated carrier is described and experimentally demonstrated. The method has a large dynamic range, good linearity, and is capable of detecting phase shifts in the microradian range. The detection scheme obviates the phase tracker resetting problem encountered in active homodyne detection schemes. Two methods of producing the carrier are presented, one employing a piezoelectric stretcher, the other using current induced frequency modulation of the diode laser source. These two methods are compared. The origins of the noise Limiting the system are briefly discussed.
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I. INTRODUCTION
there has been considerable interest in using optical fibers as the sensing element in devices such as hydrophones, spectrophones, magnetometers, accelerometers, and ac current sensors [ I ] . One of the configurations which has shown high sensitivity is that of the Mach-Zehnder allfiber interferometer. In this configuration, there are many methods of detecting relative optical phase shift between the signal and reference fibers. The design of the detection scheme is made nontrivial by the presence of low frequency random temperature and pressure fluctuations which the arms of the interferometer experience. These fluctuations produce differential drifts between the arms of the interferometer. The drift causes changes in the amplitude of the detected signal (signal fading), as well as distortion of the signal (frequency up-conversion).
Several detection schemes are currently available: passive homodyne, active homodyne (phase tracking), true heterodyne, and synthetic heterodyne.
Each of these techniques has both advantages and disadvantages. The current state of these detection schemes is reviewed in [ I ] . At this time, only the active homodyne system has reached a level of high performance (10-10-6 rad sensitivity with good linearity and low harmonic distortion), packageability (<24 cm3), and low power consumption.
In order to achieve this high level of performance, the technique requires relatively large piezoelectric phase modulators and fast reset circuitry. Large modulators are undesirable in multielement sensors since they increase the active sensor's size and decrease its reliability. Additionally, the need for the sensor circuitry to reset itself every time the environmental noise drives it past its dynamic range adds additional noise. In this paper, a passive homodyne technique which obviates the two problems discussed above is presented. Unlike other passive techniques previously reported [ 2 ] (both usable for multisensor systems) are presented as well as the experimental and theoretical limitations of the approaches. 11. THEORY The technique used to detect small signal phase shifts and eliminate signal fading caused by large environmental drifts is achieved by introducing a large amplitude phase shift at a frequency outside of the signal band. These large amplitude signals carry as sidebands the signals of interest. Relatively simple electronic processing schemes have been investigated to remove the desired phase shifts from the large carrier signals [ 3 ] , [4] . The present approach outlined below offers improvements in terms of detection accuracy and simplicity of electronics.
The variation in the light intensity detected at the output of an interferometer may be written as
( 1) where O ( t ) is the phase difference between the arms of the interferometer. The constants A and B are proportional to the input optical power, but B also depends on the mixing efficiency of the interferometer.
If a sinusoidal modulation with a frequency w, and amplitude C is imposed on the interferometer, then (1) becomes (2) where @(t) includes not only the signal of interest, but environmental effects as well. Expanding (2) 
From this expression it is clear that when @(t) = 0, only even multiples of w, are present in the output signal, whereas for #(t) = 7r/2 rad (quadrature condition), only the odd multiples of w, survive. In a similar fashion the phase angle @(t) can be separated into a signal component of frequency w and the environmen-
These equations along with (3) show that when $(t) = 0, even (odd) multiples of w are present in the output signal centered about the even (odd) multiples of 0 , . For the case when $(t) = n/2 rad, even (odd) multiples of w are present about the odd (even) multiples of w,. This behavior is shown in Fig. l(a) and (b) for the sidebands produced by w about 0, a , , and 2 0 , .
The sidebands contain the signal of interest and are either present about the even or the odd multiples of u,. The signal is obtained by mixing the total output signal with the proper multiple of w, and low-pass filtering to remove the terms above the highest frequency of interest.
For the carrier frequencies considered in the experiment, namely 0, w,, and 2w0, the output signals after mixing and filtering are
respectively, and where G and H are the amplitude of the mixing signals for u, and 20,.
In order to obtain a signal that does not fade as a function of undesired fluctuations, two signals, one containing the sine @(t) and the other cosine @(t) are utilized. The time derivative of the sine and cosine terms are cross multiplied with the cosine and sine terms, respectively, to yield the desired sine and cosine squared terms [ l ] . The process will be illustrated by considering the output signals for wo and 2w,. The time derivative of these are obtained from (5) and are given by
Multiplying this by the signal for the other frequency produces
This output can then be integrated to produce the signal @(t) which includes all of the drift information in addition to the actual signal.
A similar set of equations could be written for the 0 and 0 , . However, in this case a stable offset must be introduced to remove the dc term A from the output.
If this term is not removed, the output signal &(t) will depend on the value of The actual value of the coefficients in (8) noise ratio, the value of the amplitudes G and H should be as large as possible without overloading the electronics. The factor B depends on the optical power and the mixing efficiency in the interferometer and is the most difficult to control. Any variation in the output of the beamsplitters or a polarization change in the interferometer arms could induce a change in B. A solution to this is to put in an automatic gain control in the circuit to ensure a fixed modulation amplitude.
EXPERIMENT
As discussed in the previous section, the principle of operation of this demodulation scheme relies on the fact that, if the interferometer output is composed of two terms which are proportional t o sine and cosine, these terms may be processed to eliminate signal fading. In the first part of this section, the production of the cosine and sine terms will be discussed; in the second part, the electronic processing will be presented.
The experimental configuration employed to demonstrate this homodyne scheme was that of a bulk optic Michelson interferometer. This system (described in detail elsewhere) [6] allowed accurate control of the optical path difference and could readily be isolated from environmental noise sources in our setup. Typically, the interferometer noise of this system was 2 X lo-' rad (at 1 kHz). Both mirrors of the Michelson interferometer were mounted on piezoelectric cylinders so that both "real" and drift signals could be produced. The bulk Michelson interferometer was chosen rather than the fiber system to allow greater flexibility in control of the optical path difference. The fact that a bulk interferometer was used is not essential to determining the usefulness of this technique since all-fiber interferometers (powered by diode lasers) of sub microradian perfonnance have been built and operated routinely [ 11 . Consequently, the results of this work are directly applicable t o these systems. In this experiment a Hitachi HLP 1400 laser was used as the source.
The implementation of the demodulation scheme requires that a high frequency carrier signal be produced in the interferometer. The following two methods were employed: 1) piezoelectric cylinder, and 2) modulating the emission frequency of the laser diode by modulating the laser drive current. The first method has the advantage that a zero optical path difference may be used in the interferometer. The second method has the advantage of eliminating the piezoelectric cylinder as well as allowing the interferometer part of the fiber system to be removed from electrical components. This scheme has the disadvantage that to convert the current induced frequency shift to a relative phase shift, a nonzero optical path difference is required, thus the phase noise [ 6 ] can become the factor limiting the sensitivity of the sensor. This limitation will be discussed in detail in the experimental performance section.
A carrier wave phase shift of the desired amplitude (i.e., 1.4 or 2.2 rad) was easily obtained using the piezoelectric cylinder at the fundamental and first harmonic of its longitudinal resonance which occured at 50 and 100 kHz, respectively. To produce the cosine and sine terms, the circuit shown in Fig. 2 was used. For the case illustrated in Fig. 2(a) the fundamental of the signal and the sideband of the fundamental of the carrier were used, whereas the sidebands of the fundamental of the carrier and the first harmonic of the carrier were utilized in the implementation shown in Fig. 2(b) . The use of the two configurations will be discussed in greater detail later.
The production of the carrier using the modulation of the diode lasers driving current is dependent on the optical path difference and is additionally a function of the modulation frequency [7] . For the particular laser used, the decrease in the modulation index with modulation frequency is shown in Fig. 3 . As can be seen, the modulation index dv/di has only decreased by -0.75 from its dc value ((dv/di),) at a modulation frequency of 100 kHz. This shows that this technique can be used efficiently at least up to this frequency for this particular laser.
It should be noted that for many lasers, (dvldi) has decreased to -0.2 of the dc value at 100 kHz and are thus unsuitable for the use in this application [7] . It should also be noted that the use of laser current modulation to produce the carrier may also be used in the synthetic heterodyne approach described by Cole et al. [3] . The use of this technique eliminates the use of the piezoelectric cylinder in that scheme, but because of the reported poor sensitivity of the synthetic heterodyne approach, no effort was made to construct this system. Fig. l(a) and (b) shows the output of the interferometer; an 8.8 kHz carrier, produced by modulation of the laser diode, and an 0.01 rad signal (produced using a piezoelectric cylinder) at 450 Hz have been applied to the interferometer. An intermediate value of the amplitude of the carrier signal was used so that the operation in both the configuration of Fig. 2 (a) and (b) may be seen. Fig. l(a) shows the output of the interferometer when the interferometer is in quadrature. Here the fuhdamental of the carrier and the signal, and the sideband of the first harmonic of the carrier appear strongly. Fig. I(b) shows the output when the interferometer is out of quadrature. Here the sideband of the fundamental of the carrier and the first harmonic of the carrier appear strongly, whereas the amplitude of the output at the fundamental of the signal and carrier frequency, as well as the sideband of the first harmonic of the carrier, appear only weakly. It can be seen that the sine and cosine terms required can be extracted from either the signal fundamental and the sidebands of the fundamental of the carrier [ Fig. 2(a) ] or the sideband of the fundamental and first harmonic of the carrier [ Fig. 2(b) ]. As has been discussed in the theory section, the amplitudes of the sine and cosine terms are determined by the depth of modulation of the carrier. An example of the output after processing using the configuration of Fig. 2(a) and adjustment of the carrier amplitude to 1.4 rad is shown in Fig, 4 . Here the Lissajou figure derived from the two outputs (sine and cosine) have been displayed by using them as the x and y inputs of an oscilloscope. With no signal applied, the output appears as a dot which describes a circle as the interferometer and drifts into and out of quadrature. To show the circle (indicating that the amplitudes of the sine and cosine terms are equal) more clearly, a low frequency (-100 Hz) signal with an amplitude of -+mad has been applied to the interferometer.
A similar result to that shown in Fig. 4 was achieved using the configuration shown in Fig. 2(b) , but here an amplitude of the carrier close to the predicted 2.2 rad was required for circularity. It should be mentioned that use of the double sideband technique [ Fig. 2 (b)J conveys the advantage that both outputs from the interferometer may be ac coupled which eliminates a number of problems associated with dc drifts. Obviously, in the configuration used in Fig. 2 (a) the signal obtained from the fundamental of the signal frequency needs to be dc coupled.
To obtain the signal from the output of Fig. 2 (i.e., the sine and cosine terms) the differentiate and cross multiply technique described in the theory section was employed. A schematic of the circuit is shown in Fig. 5 , the multipliers were Analog Devices model 435K while the differentiators, difference amplifier, and integrator were made from low cost op amps.
Fv. PERFORMANCE OF SYSTEM
This section is divided into two parts; part 1) concerns the operation of the system where the two methods of production of the carrier gave identical results and part 2) concerns the minimum detectable phase shift (sensitivity) which was a function of the carrier production technique.
1) The signal processing technique was tested to evaluate how well the inherent fading problem of the homodyne interferometer was overcome. To do this, a 0.01 rad (rms) signal at frequency f, was applied to one arm of the interferometer while a slow (0.05 Hz) ramp of -10 mad was applied to the other arm. The slow ramp had the effect of successively changing the relative phase shift in the interferometer such that all relative phase angles were encountered. The amplitude of the output of the integrator at f, was found to be a constant to within -5 percent. The small amplitude variation of the output was attributed to a slight imbalance of the electronics. The signal output also remained constant when the drift frequency was increased to -5 Hz, which corresponded to a drift of -150 rad/s. Above this drift rate, although the amplitude of the signal output remained approximately constant, a degradation in the signal-to-noise ratio of the output was observed. The frequency response (to the signal frequencyf,) of the system is shown in Fig. 6 . The decrease in response at high frequency is due to the low-pass filtering shown in Fig. 2 . The frequency response can be extended to higher frequencies if desired by using higher order filters (a simple second order filter was used in this experiment). The rolloff at low frequency was due to the presence of a bleeder resistor across the integrator whose value could be increased if a flat response below -20 Hz is required. The system responded linearly to the amplitude of the input signal between the noise floor of the configuration used (typically 10-5-10-6 rad) and -1 rad. Above this signal level (-1 rad), distortions were observed due to the differentiators overloading from the presence of the residual carrier signal, thus the dynamic range of the system at high signal levels may be increased by 1) lowering the gain prior to the differentiations or preferably, 2) having a sharper cutoff of the carrier modulation (Le., a higher order filter). Below this region of obvious distortion, the first harmonic of the signal was typically buried in the noise floor and hence was unobservable, but the ratio of the fundamental to the first harmonic was typically greater than 70 dB (i.e., 3 X 10')).
2) As discussed earlier, the operation of the current induced modulated carrier requires the interferometer to use a nonzero path length difference such that the frequency modulator is converted to the required phase modulation. Consequently, this nonzero path difference allows the phase noise to contribute to the interferometer noise. Using the diode laser modulation scheme, the frequency dependence of the mini- mum detectable phase shift was determined for two path length differences, 10 and 2 cm. The result for the 10 cm path difference is indicated on the spectrum analyzer trace shown in Fig. 7 , where a 0.01 rad signal has been applied to the interferometer at 470 Hz. The noise floor (-3 X rad at 1 kHz) is thought to be due to the phase noise because when the interferometer was operated in a conventional homodyne mode (in quadrature) a noise floor similar to that in Fig. 7 was observed. This experiment was repeated with a 2 cm path difference, and the noise dropped by approximately a factor of 5. To eliminate the effect of the phase noise, the same experiment was repeated at zero path length difference. However, here the modulation for the carrier used the mirror mounted on a piezoelectric cylinder. The results for this configuration are shown in Fig. 8. Again, a 0.01 rad signal was applied to the interferometer. The noise floor corresponds to rad at 1 kHz. Above 600 Hz, a number of spurious electronic noise peaks related to the line frequency were observed above the true noise floor.
The results of the three experiments performed above are summarized in Fig. 9 , where the solid line in the upper two curves represent the average level of the phase noise. The lowest curve was obtained for the interferometer held manually in quadrature using the conventional homodyne detection scheme. As can be seen, the passive homodyne result is approximately a factor of 2 worse than the result obtained with the conventional homodyne. The noise in the conventional homodyne system was determined by the intrinsic intensity noise of the diode laser [8] . Owing to the carrier modulation, the average level of the intensity noise remains the same as with the conventional homodyne interferometer field in quadrature, however, the amplitude of the phase signal is reduced by the magnitude of the relevant Bessel function (5). Consequently, in an interferometer dominated by the laser intensity noise, a factor of -2 difference between the two detection methods is expected for this modulation amplitude.
In an unbalanced interferometer powered by a laser diode, the primary noise source becomes the phase noise due to the fluctuation of the emission frequency of the laser. For a signal-to-noise ratio of 1, the minimum detectable phase shift Grn in the interferometer is given by where D is the optical path difference, c is the speed of light in free space, and 6v, is the rms frequency instability of the laser source. Thus, for low noise of operation, D should be made as small as possible. However, to produce the 2.2 rad phase shift at 100 kHz t o operate the detection scheme using the configuration oi Fig. l(b) , it is necessary to operate the interferometer with a nonzero path difference. The relationship between the frequency shift and the phase shift is also given by @ = 2 7 r D (F) thus for a pk-pk phase excursion of 4 . 4 rad, D6v = 0.21
GHz -m. For the HLP 1400 used for this study (dvldi), = 3
GHz/mA and pk-pk value of 3 mA is assumed (the laser remains in a single mode over this current excursion), then a value for D of -2.3 cm is calculated. Thus, the performance of the diode modulation scheme operated with 2 cm path difference is close to the optimum performance of this detection scheme.
V. CONCLUSION It has been shown that the homodyne detection scheme using a phase generated carrier described is capable of high sensitivity (lod6 rad detectability at 1 kHz), high dynamic range, and good linearity.
It has also been shown that this scheme can operate using a current induced frequency modulation to produce the phase carrier, thus completely isolating the interferometer from electrical components. In this configuration, a 2 cm path difference is necessary, limiting sensitivity to 9 X rad 1 kHz. been a subject of intense study since devices made of these materials operate in the 1.1-1.6 pm spectral region, which coincides with the optimal region for fiber optics communication systems. As progress is being made in fiber optic technology and low loss single-mode fibers become available, there is also a strong interest in developing semiconductor devices capable of launching, receiving, and processing optical signals at the extremely high data rates that are possible with fiber optic transmission systems. The monolithic integration of optoelectronic devices on a single semiconductor crystal [l] , [2] offers the potential advantages of improved reliability, low cost, and small size and also makes possible very fast operation by reducing the circuit parasitic reactances.
Recent Developments in Monolithic Integration
The most promising light source for optoelectronic devices is the semiconductor laser diode. This is due to the relatively high power that lasers can launch into fibers, and also because lasers can be modulated at very high frequencies. The lasers that have been studied for integration purposes are some- 
